ABSTRACT: Morphological variability in the shoulder influences the joint biomechanics and is an important consideration in arthroplasty and implant design. The objectives of this study were to quantify cortical and cancellous proximal humeral morphology and to assess whether shape variation was influenced by gender and ethnicity, with the overarching goal of informing implant design and treatment. A statistical shape model of the proximal humeral cortical and cancellous regions was developed for a training set of 84 subjects of both genders and different ethnicities. Cortical and cancellous bone geometries were reconstructed from CT scans, meshed with triangular elements, and registered to a template. Principal component analysis was applied to quantify modes of variation. Anatomical measurements were computed on the registered geometries to assess correlation with modes of variation. Parallel analysis identified six significant modes of variation, which accounted for 93% of variation in the training set and described scaling (Mode 1), inclination of the head (Modes 2 and 5), and shape of the greater tuberosity and neck region (Modes 3, 4, and 6). Size differences as described by Mode 1 were statistically significant for gender and ethnicity, where female and Asian subjects were smaller than male and Caucasian subjects, respectively; however, differences in other modes were not significant. Cortical thickness of the shaft after normalization by outer diameter was significantly larger for Asian subjects compared to Caucasian subjects. The statistical shape model quantified cortical and cancellous humeral morphology considering gender and ethnicity, providing descriptive data to support surgical planning, and implant design. ß
The anatomy of the proximal humerus inherently influences the biomechanics of the shoulder and clinical treatments, including total shoulder arthroplasty (TSA) and bone fracture repair. In the natural shoulder, the proximal humeral anatomy defines the glenohumeral conformity and rotator cuff, soft tissue, and muscle attachments, which influence muscle moment arms, motion, and overall stability of the joint. The current study is motivated by describing the natural anatomy, particularly in the context of TSA to assess and improve implant design. The demand for TSA has rapidly grown during the past decades, which has caused a likewise increase in revision surgeries. 1 Despite the high success rate of this surgical procedure, complications in TSA are not rare and about 30% of the revision surgeries performed from 1996 to 2005 were caused by instability of the glenohumeral joint. 2 In TSA, "fit and fill" of an implant in the humeral canal and replication of the head center are key considerations to optimize the outcome of the surgery, which are driven by the underlying bony anatomy. Humeral head curvature determination is also important when choosing the appropriate head size and alignment in TSA procedures. 3 Variation in humeral anatomy has been investigated to support clinical decision-making and implant design using primarily 2D measurements from medical images. [4] [5] [6] [7] [8] [9] [10] [11] [12] These studies identified a large amount of scatter in anatomical measurements, 7 which must be reconciled with a finite implant inventory. 11 Specifically, variation in the dimensions of the head, the relative position of the center of the head on the shaft, and the diameter of the intramedullary canal are important factors when evaluating and optimizing implant design, sizing, and placement. While an implant is selected and aligned for a given patient, a finite number of implant designs and sizes must fit the whole population. Thus, a quantitative understanding of how the humeral shape changes throughout the population is essential to support implant design and sizing.
Further, proximal humerus fractures are common injuries and the morphology of the bone has direct implications for non-operative treatment, internal and external fixation, and hemiarthroplasty. 13 In complex fracture cases, models of bones can be used to align bone fragments and guide the surgical repair. 14, 15 Statistical shape models (SSM) have been applied to quantify morphological variation in bones, including the femur and tibia, [16] [17] [18] and pelvis. 19 SSMs also enable considerations of patient variability in joint mechanics through finite element analyses 20 and support automated segmentation of medical images. 21 An SSM is created by registering a training set of subject geometries to a common template and applying principal component analysis (PCA) to the covariance matrix of the registered data to describe the orthogonal modes of variation. 22 Further, as the geometries are registered to a template, the approach allows for the automated and consistent computation of anatomical measurements across large sets of data.
SSMs have been previously developed for the entire shoulder joint 23, 24 and for the proximal humerus only. 25, 26 Mutsvangwa et al. 23 developed methods to assess the shape of the humerus and scapula for a training set of 28 human subjects, while Yang et al. 24 utilized a shape model of 28 primates to assess the ability to predict bone morphology across the joint. Recently, Kamer et al. 26 developed a statistical model that included information on both morphology and bone quality for a population of proximal humeri (58 subjects). These studies described shape variability of the external cortical shell only and did not directly consider the morphology of the cancellous region or the potential impact of ethnicity or gender, which is valuable from surgical and implant-design perspectives. Drew et al. 25 considered the intramedullary canal shape, developing an SSM of the cortical humeral bone boundaries on the endosteal and periosteal surfaces. However, this statistical model was based on a population of only 10 subjects, which limited the broad applicability of the results.
As implants are designed to function for the population, differences in 3D anatomy with gender and ethnicity have previously been investigated. A genderdependent size difference was identified in the medial meniscus, 27 with Caucasian males being larger than Caucasian females, and in the knee, 28 with males being larger than females regardless of ethnicity (Caucasian, Asian, African American). Specific patterns of morphological variation have been identified for ethnicity groups in the tibia 29 and femur. 30 These studies reported that postmenopausal Caucasian women had statistically significantly larger tibiae and lower tibial bone density and cortical thickness, compared to Asian women, 29 as well as lower femoral bone strength and thinner femoral neck cortices, compared to African American women. 30 In a regression model of the proximal humerus, gender was identified as one of the variables influencing humeral head curvature; other factors included epicondylar breadth, height, and humeral length. 3 However, a systematic SSMbased analysis of how gender and ethnicity influence the proximal humeral shape has not yet been performed. Accordingly, the objectives of this study were: (i) to develop an SSM to quantify shape variation in both cortical and cancellous bone regions of the proximal humerus; (ii) to investigate correlations between the 3D shapes and common anatomical measurements of the proximal humerus; and (ii) to assess potential shape differences with gender and ethnicity.
METHODS
The training set comprised 84 left humeri of healthy subjects and cadavers (age: 75 AE 14 years, 38 females, and 46 males, 31 subjects, and 53 cadavers) and included 52 Caucasian, 31 Asian and one African American subjects. Bones were classified as healthy if they did not present any abnormal morphological feature or sign of joint diseases, such as osteophytes. CT scans were performed with nominal settings: tube voltage 130 KvP, tube current 22 mA, slice thickness 1 mm, and pixel spacing 0.49. The study made use of CT scans from cadavers and existing scans from deidentified subjects and was classified as exempt by our institutional review board. The 3D geometries of the cortical and cancellous regions were reconstructed from CT scans using Simpleware (Synopsys, Exeter, UK) (Fig. 1) . The diaphysis of each bone was resected at a length proportional to its head radius Figure 1 . Statistical shape modeling workflow. Bone geometries were reconstructed from CT scans; cortical and cancellous bones were meshed and registered to a template; each geometry was represented in its own anatomical coordinate system. (5.6 times), because the proximal bone was the region of interest for this study and the entire humerus was not available for the entire training set. The ratio was chosen to preserve as much of the available diaphysis as possible in all the scans of the training set. This approach was justified by the strong correlation (R ¼ 0.86) found between humeral length and head radius in the 47 whole humeri available in the training set.
Three-node triangular surface meshes were generated for each cortical and cancellous bone using Hypermesh (Altair Engineering, Troy, MI), with an average element size of 1.0 mm. A median geometry (male, Caucasian, head radius: 24.4 mm) was selected as the template and used to create an anatomical coordinate system, which was defined per ISB recommendations. 31 The template subject was selected as it was among the whole bone geometries, which included the distal portion of the bone and the full set of landmarks required to construct the anatomical coordinate system. The origin was placed in the glenohumeral rotational center, estimated as the center of the best-fitting sphere for the humeral head; the mediolateral axis was defined by the direction of the segment connecting the two epicondyles; the anterior-posterior axis was defined as the perpendicular to the plane of the glenohumeral rotational center and the epicondyles; the superior-inferior axis was defined consequently to form a right-hand coordinate system.
Training set geometries were registered to the template using the following process (Fig. 1) . The cortical geometries were rigid-body aligned to the cortical geometry of the template using an iterative closest point algorithm. 32 The rigid-body transformation matrix obtained for each cortical bone was then applied to the respective cancellous bone as well, in order to preserve the original relative position of the two surface meshes. After the alignment, nodal correspondence was established using a coherent point drift algorithm, 33 first morphing the template geometry onto the subject geometry and then performing a nearest-neighbor search for each node of the morphed template to the nodes of the subject. For this approach to function well, it was essential that the subject mesh (average element size: 1 mm) was finer than the template mesh (2.5 mm). After nodal correspondence was established, each geometry was rigidbody transformed so that the origin was placed in the center of the head and the superior-inferior axis was coincident with the axis of the intramedullary canal. Head center and canal axis were computed using a best-fitting sphere and a best-fitting cylinder, respectively, with a least-square algorithm. This orientation was chosen because it is meaningful from both surgical and implant-design perspectives. By performing the transformation after nodal correspondence was established, the process was automated using consistent node numbers for the head and canal regions.
The SSM was created by applying PCA to the registered data, which consisted of Euclidean nodal coordinates (x, y, z) for the cortical and cancellous geometries for all of the registered subjects. Principal component (PC) modes described the anatomic variation present in the population, and further, each instance was represented by a series of PC scores. A leave-one-out (LOO) analysis was performed to assess the ability of the SSM to predict the shape of an unseen subject. Using an SSM constructed with all but the left-out subject, PC scores of the left-out subject were calculated and used to predict the shape of the subject. Errors were computed between the geometry predicted from the PC scores and the actual geometry, and the process was repeated by leaving out each subject in the training set. A parallel analysis was performed to identify how many modes of variation were significant, 34 that is, not noise. In the parallel analysis, the principal component modes for a randomized dataset are compared to those for the actual data.
Anatomical measurements were computed automatically for each registered bone. Head radius was computed with the best-fitting sphere for the humeral head. Canal diameter of the cancellous bone and outer diameter of the cortical bone were measured in the shaft, which was defined as the distal 70% of the resected length below the head center. The canal diameter was measured as the minimum diameter from five circles inscribed in the cancellous shaft at evenly spaced resection levels. The minimum diameter was chosen as it represents the largest diameter of a TSA stem that can be implanted in the subject. The outer diameter was defined as the diameter of the best-fitting cylinder of the external surface of the shaft. The cortical thickness of the shaft was calculated as the average radial distance between the cortical and cancellous profiles at 15˚intervals and considering two resection levels. 35, 36 Using the approach from Mather et al., 35 the levels corresponded to 30% and 45% of the resected length below the head center. Further, medial and posterior offsets, greater tuberosity offset, inclination angle, and articular thickness were computed as in previous studies. 5, 7 Anatomical measurements and PC scores were analyzed via Pearson's correlation coefficient (R) and, by gender and ethnicity, via unpaired Student's t-test. The ethnicity comparison was limited to Asian and Caucasian subjects, since only one African American subject was part of the population.
RESULTS
Morphological changes in the cortical and cancellous proximal humerus were defined as a series of modes of variation (Fig. 2) . Parallel analysis identified six significant modes of variation, which explained 93% of the total variation present in the training set. The modes of variation were visualized by perturbing the mean geometry at AE 2.5 standard deviations (i.e., 98.8% percentile) of each principal component (PC). Mode 1 largely described uniform scaling, that is, scaling of the head size in conjunction with the outer diameter of the bone (71.3% of variation explained); Mode 2 (9.6%) and Mode 5 (2.7%) described changes in the head shape and orientation in the surgical neck area; Mode 3 (4.2%), Mode 4 (3.1%), and Mode 6 (2.1%) described changes in the region of the greater tubercle and of the surgical neck area (Fig. 2) . Observed changes in the cortical bone were mirrored in the cancellous bone (Fig. 2) . The LOO analysis assessing the ability of the SSM to represent an unforeseen subject resulted in an absolute geometric error of 0.48 mm (Std. Dev. (SD): 0.16 mm) averaged across all nodes and all subjects.
Several correlations between modes of variations and anatomical measurements (Table 1) and between anatomical measurements were observed ( Table 2 ). All of the correlations presented were statistically significant (p < 0.05). Table 1 ). Similarly, head radius was highly correlated with outer diameter (R ¼ 0.76), but only moderately correlated with canal diameter (R ¼ 0.45) (Fig. 3, Table 2 ). Mode 1 was also strongly correlated with articular surface thickness (R ¼ 0.87) and mildly correlated with greater tuberosity offset (R ¼ 0.26). Mode 2 was strongly correlated with medial offset (R ¼ À0.83) and head inclination (R ¼ 0.79) and moderately correlated with greater tuberosity offset (R ¼ 0.55). Between the anatomical measurements, other strong correlations were observed between head radius and articular surface thickness (R ¼ 0.83), between inclination and medial offset (R ¼ 0.70) and between outer diameter and articular surface thickness (R ¼ 0.66, Table 2 ). Means, standard deviations, and ranges of the anatomical measurements are shown in Table 3 .
Using an unpaired Student's t-test, statistically significant differences were observed in Mode 1 (scaling) for gender (p ¼ 8e-12) and ethnicity (p ¼ 0.02), Figure 2 . Shape of cortical and cancellous bone for the first six PC modes of variation (shown at mean AE 2.5 SD). Profiles represent the intersection between the bone geometry and the sagittal (top) or transverse (bottom) plane passing through the head center. with female and Asian subjects being smaller than male and Caucasian subjects, respectively (Table 4) . No significant differences were observed in the subsequent modes describing shape changes. Statistically significant differences were also observed in head radius for gender and ethnicity (Fig. 4, Table 4 ), in outer and canal diameters for gender (Fig. 3 , Table 4 ) and in medial offset and greater tuberosity offset for ethnicity (Table 4) . Statistically significant differences in cortical thickness were observed for gender (p ¼ 3e-5), with males having greater thickness than females, but not for ethnicity (Table 4) . Cortical thickness of the shaft was correlated mildly with head radius (R ¼ 0.27, Fig. 5 and Table 2 ), and slightly stronger with outer diameter (R ¼ 0.43, Fig. 5 and Table 2 ) and canal diameter (R ¼ À0.36, Table 2 ). After normalizing the cortical thickness by the outer diameter, differences between genders were not significant (p ¼ 0.593), while differences between ethnicities were significant (p ¼ 0.033, Table 4 ).
DISCUSSION
An SSM of the proximal humerus was developed to describe the 3D shape of the cortical and cancellous bone regions of 84 subjects. The morphological variation across the population was systematically quantified using PCA, which represents the state-of-the-art technique to assess the most important anatomical variations. 26 Characterizing 3D bone morphology and the variation present in the population provides valuable data to inform implant design and sizing. To be specific, variations in canal geometry, cortical thickness, and overall shape and size are key considerations for stem taper design, implant sizing, and offsets. Further, the 3D SSM can facilitate the generation of instances that capture the morphological variation in the entire population or sub-populations by perturbing the modes of variation. This workflow can be included in finite element analyses using design of experiments or probabilistic methods, which consider the effect of anatomic variability when designing implants that fit and function for the overall population. 20, 37 Bone morphology described by SSMs can also support reconstruction of bone geometry in complex fracture cases. 14, 15 Most of the variation (71.3%) could be attributed to the size of the bone (Mode 1), whereas subsequent modes of variation involved shape changes in head inclination and the surgical neck region (Modes 2 and 5), and in the greater tubercle region (Modes 3, 4, and 6). The statistical shape model allowed for an automated calculation of many clinically relevant anatomical measurements, 5, 7 which was convenient from a time perspective, and also ensured consistent measurements across the subjects. Anatomical measurements (Table 3) were generally in good agreement with previous studies, 5, 7, 8, 35 confirming that the dataset used in the SSM was representative of the population at large. Differences were observed in the mean articular surface thickness measurement (Table 3 ) when compared to the values reported by Boileau and Walch 5 (mean: 15.2 mm, max: 18.2 mm), which are likely due to differences in the measurement methodologies. The current study used segmented bone geometries from CT scans, while Boileau and Walch's measurements were performed using a surface digitization system with a slice thickness of 5 mm 5 . As expected, the first mode of variation described largely scaling for both the cortical and cancellous bone regions. The high correlation of Mode 1 with both head radius and outer diameter (Table 1) supports the description of this mode as uniform scaling of the bone. However, conclusions regarding the scaling of bone length could not be made, as the shaft was resected proportionally to the head radius. The large amount of variation (71.3%) explained in this mode supports the common practice of linearly scaling implant sizes. Interestingly, however, the first mode of variation was only moderately correlated with the diameter of the canal (Table 1) , which demonstrated that the internal and external diameters of the humeral shaft do not scale uniformly. The shape of the canal will influence the load transfer, fixation, and micromotion between bone and implant. The SSM platform can generate geometric representations for use in finite element modeling, 27, 38 including assessments of initial stability as has been shown in other studies. 39, 40 The training set included subjects of both genders and varying ethnicities, thus allowing anatomical comparisons between sub-populations. Differences between males and females were primarily in size (PC1), as in Humphrey et al., 8 with male subjects being larger than females. However, there were no shape differences (beyond scaling) attributed to gender. Accordingly, significant differences in head radius, outer diameter, canal diameter, and cortical thickness 3048 SINTINI ET AL.
( Table 4) were observed between males and females. When the cortical thickness was normalized by the outer diameter, statistical significance was not present in gender (p ¼ 0.593, Table 4 ). Regarding ethnicity, the first mode of variation (PC1) also presented significant differences (Asian vs. Caucasian, p ¼ 0.025), although less than for gender. Statistically significant differences were identified between Asian and Caucasian subjects in the radius of the head, greater tuberosity offset, and medial offset (Table 4) . While the differences between Asian and Caucasian subjects were not significant for cortical thickness (p ¼ 0.054), the comparison was significant after normalizing by the outer diameter (p ¼ 0.033, Table 4 ), which is the opposite trend compared to the one observed for gender. Cortical thickness also was mildly correlation with the first mode of variation (R ¼ 0.25, Table 1 , which primarily described scaling of the bone. These observations suggest that Asian subjects were smaller in size with larger cortical bone thicknesses, implying cortical thickness did not scale at the same rate as for Caucasian subjects (Fig. 5) . These findings agreed with a previous study, 29 which suggested that post-menopausal Asian women may compensate for smaller tibiae with an increased cortical thickness compared to Caucasian women. The observed variation in cortical thickness and canal diameter with outer diameter, as shown through low correlations of 0.43 and 0.57, respectively (Table 2) , has implications in implant design for fixation and stem fit. Other studies in the knee joint 28, 41 and the scapula 42 have demonstrated the importance of considering multiple ethnicities to capture the range of variation in the population and ensure proper fit of implants.
The regions of interest for the humerus included the humeral head and the intramedullary canal, whose dimensions and relative orientation can inform TSA head sizing, stem design, and offsets to facilitate replication of the native anatomy and to assess load transfer and stability. In prior work, statistical shape modeling has been used to quantify variation in the proximal humerus shape; 26 however, the shape of the cancellous bone in relation to the outside morphology of the bone has not been previously investigated, except for a limited number of subjects (10 subjects 25 ). The diameter and general curvatures of the intramedullary canal are critical dimensions from an implant design perspective since the humeral stem interacts with the curvature in the neck region. Quantifying variation in the canal shape and overall bone morphology can support the development of stem sizes with head designs and offsets to accommodate the population for stem fit and biomechanics (e.g., replicating head center). By capturing 3D surfaces, the SSM approach has major advantages in describing the anatomy over using 2D distance and angle measurements. Changes in head inclination (Mode 2) represented another important way in which the proximal humeral geometry varied across the population. This angle affects the mediolateral position of the head center with respect to the canal axis and the curvature of the surgical neck region.
Results from this study suggest that TSA implants may have to accommodate the observed anatomical variation in inclination.
It is important to note that the findings of the study are dependent on the training set. In the current work, the SSM was developed from CT scans of 84 subjects, which while larger than prior SSM work, [23] [24] [25] [26] could be expanded to strengthen the work. The ethnicity distribution included 52 Caucasian, 31 Asian, and one African American and was thereby not fully representative of the global population. The current study, however, demonstrated how the SSM platform is well suited to characterize the 3D variation for a population diverse in gender and ethnicity. In the current study, several of the statistical comparisons were near the p value threshold of 0.05 for statistical significance (e.g., cortical thickness) and would benefit from further evaluation with more subjects. Also, the statistical comparisons did not consider corrections for multiple comparisons.
The modes of variation resulting from PCA are dependent on the registration and relative alignment of the geometries; accordingly, a different choice for the anatomical coordinate systems may result in different observed modes. However, the high percentage of variation captured in the early modes suggest that PCA was performed on geometries that were well aligned with respect to each other. Thus, modes of variations described shape variability between subjects and not noise associated with inconsistent alignment. Lastly, a limitation of the current study is that the humeral epicondyles were not included, which prevents comparisons of rotational offset between geometries. This decision was made because only the proximal portion of the humerus was present in many of the CT scans.
In conclusion, a statistical shape modeling approach characterized the variability in proximal humerus morphology and accurately captured both cortical and cancellous bone anatomy. The 3D nature of the representation and the ability to describe anatomy for the population can support TSA implant design and sizing. Further, the ability to efficiently generate subject-specific models can support modeling of natural and implanted configurations, and surgical planning.
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